The human DNA-repair O 6 -alkylguanine DNA alkyltransferase (MGMT or hAGT) protein protects DNA from environmental alkylating agents and also plays an important role in tumor resistance to chemotherapy treatment. Available inhibitors, based on pseudosubstrate analogs, have been shown to induce substantial bone marrow toxicity in vivo. These deficiencies and the important role of MGMT as a resistance mechanism in the treatment of some tumors with dismal prognosis like glioblastoma multiforme, the most common and lethal primary malignant brain tumor, are increasing the attention toward the development of improved MGMT inhibitors. Here, we report the identification for the first time of novel non-nucleosidic MGMT inhibitors by using docking and virtual screening techniques. The discovered compounds are shown to be active in both in vitro and in vivo cellular assays, with activities in the low to medium micromolar range. The chemical structures of these new compounds can be classified into two families according to their chemical architecture. The first family corresponds to quinolinone derivatives, while the second is formed by alkylphenyl-triazolo-pyrimidine derivatives. The predicted inhibitor protein interactions suggest that the inhibitor binding mode mimics the complex between the excised, flipped out damaged base and MGMT. This study opens the door to the development of a new generation of MGMT inhibitors.
. The N 7 position is the most reactive site, [2] [3] [4] however the DNA functions are most strongly affected by alkylation in the O 6 position. 5 6 ethanoguanine. Finally the structure rearranges from the O to form a crosslink with the opposite cytosine. 6 Eventually, DNA replication is blocked, producing G2/M rest. 7 In addition to the wellknown side effects and limitations of chemotherapeutic agents, they also present problems of acquired tumor resistance. Particularly, the human DNA-repair O 6 -alkylguanine DNA alkyltransferase (MGMT or hAGT), an important protein that protects DNA from environmental alkylating agents, also plays an important role as a resistance mechanism. It is well established that resistance to both chloroethylating and methylating chemotherapeutic agents and cyclophosphamide (a nitrogen mustard alkylating agent) is mediated by MGMT activity, [8] [9] [10] [11] as tumor cells frequently express high levels of this enzyme. This effect has been observed in a number of cancers, ranging from colon cancer, lung tumors, breast cancer, pancreatic tumors and nonHodgkin's lymphomas to myelomas and gliomas, among others. [12] [13] [14] It is significant that MGMT promoter methylation, and consequently complete MGMT depletion, has been statistically associated with longer survival in patients with high grade gliomas under radiation-chemotherapy combined treatment. 15, 16 Pharmacological inhibition of MGMT, therefore, has the potential to enhance the cytotoxic effect of a diverse range of anticancer agents, particularly in colon and brain tumors.
Despite pharmacological interest and the efforts in the structural biology of DNA repair, the first two structures of MGMT-damaged DNA have only been published recently. 17 These structures, an inactive C145S mutant bound to an O 6 -methylguanine-containing oligonucleotide and an active MGMT covalently cross-linked to an oligonucleotide containing N 1 ,O 6 -ethonaxanthosine, provided both, novel protein-DNA architecture and the structural basis for the reaction mechanism. The DNA-binding helix-turn-helix (HTH) motif is placed in the MGMT C-terminal domain of this 22 kDa protein (207 AA) with a two-domain R/ fold. 18 The second helix of this motif binds deep within the DNA minor groove. MGMT binds without changes but widening the minor groove and therefore bending the DNA. Arg128 is positioned inside the DNA duplex, stabilizing the structure by hydrogen bonds with the orphaned cytosine. This 'arginine finger,' also seems to promote the flipping of nucleotides out from the base stack, and into the MGMT hydrophobic active site. The observation that MGMT activity is decreased more than 1000 times when Arg128 is replaced by alanine confirms the essential role played by this residue. 19 The nucleophilic residue, Cys145, is buried deeply into the active site, near the bottom of the hydrophobic active site pocket. This residue participates in a hydrogen bond network involving His146, Glu172, and a water molecule, which may act as a relay able to increase cysteine reactivity upon substrate binding. In the proposed enzymatic mechanism, His146 acts as a water-mediated base to deprotonate Cys145, which receives the alkyl lesion in a SN2 manner. 20 The DNA is restored but the protein, acting as a suicidal enzyme, inactivates itself in the process. Finally, the alkylated protein is destabilized, 21 recognized by an E3 ubiquitin ligase with its associated E2 ubiquitin-conjugating enzyme and degraded by an ATP-dependent pathway. 22, 23 Several small molecules acting as MGMT inhibitors have been developed during the past few years, all of them pseudosubstrates. The guanine analogue O 6 -methylguanine (O 6 -MG) was the first inhibitor discovered. It reduces MGMT activity in cells; however, it is not effective enough to be used in animal or clinical assays. A more rapid and effective depletion of MGMT was obtained with O 6 benzylguanine (O 6 -BG). 24 O 6 -BG acts as an alternative substrate for MGMT, transferring the benzyl group to the Cys145 and irreversibly inactivating the protein. 25 It has an IC 50 value of 0.2 µM against MGMT, 26 significantly enhancing the cytotoxic effect of BCNU in prostate, breast, colon and lung tumor cells 27 and in tumor xenograft studies. 28 Several phase I and II clinical studies of the combination of O 6 -BG and BCNU have been completed. 29 However, significant therapeutic limitations have been observed: O 6 -BG has low bioavailability, poor water solubility and rapid plasma clearance. 30 There is no evidence of toxicity associated to O 6 -BG alone, however, when combined with BCNU, it increases myelo-suppression. 31, 32 In addition, repeated administration of O 6 -BG with BCNU raises the possibility of developing O 6 -BG-resistantance. A point mutation in Lys165 has been associated with acquired O 6 -BG and BCNU resistance in MMR-deficient medulloblastoma cell lines. 33 Direct evidence of the relation between Lys165 mutation and BCNU activity has been shown in MMR-deficient colon cancer cells. 34 In contrast MGMT independent resistance to O 6 -BG has been found in breast cancer cells after treatment with this MGMT inhibitor plus BCNU. 35 Recently different guanine derivatives have been used in MGMT inhibition studies. Among them, lomeguatrib [6-(4- 36 Searching for new molecules has become in one of the most actives areas in computational chemistry and biology. Virtual screening protocols are being used routinely in this regard and there are many successful cases where novel inhibitors have been found. 37, 38 The underlying engine that moves virtual screening consists of two pieces: a docking algorithm to sample the binding site of a receptor target, and a mathematical scoring function to assign a score to each binding site pose. 39 Usually, only the best solution for each molecule, the lowest in energy, is considered. With the advent of supercomputer virtual screening of chemical libraries is becoming a feasible issue, and it is customary to screen thousands or even millions of molecules in some virtual experiments. Screening such a large number of molecules comes with the problem that extremely large amount of time is required, and then accuracy is reduced to maintain time in a reasonable range. Accordingly, the receptor is kept rigid along the experiment, environmental effects (mainly due to solvent) are complete ignored or treated at a very low theoretical level, entropic effect are rarely taken into account. These shortcomings are often alleviated by post processing the highest ranked candidates (between 50 and 100) to more elaborated protocols as molecular dynamics simulations. 40, 41 Then, selected snapshots from these trajectories are treated with approximations as MMPB-SA, 42 MMGBSA, 43 or LIE 44 among others, to obtain an estimation of the free energy of binding, a measure comparable with experimental inhibition constants.
Motivated by the deficiencies of known inhibitors and the important role of MGMT in difficult tumors like gliomastoma multiforme (the most common and lethal primary malignant brain tumor), we report here the identification, for the first time, of novel non-nucleosidic MGMT inhibitors. Docking and virtual screening techniques, followed by molecular mynamics simulations and free energy of binding calculation with MMGBSA method yielded four promising compounds with experimental probed activities both in vitro and in vivo. 
RESULTS AND DISCUSSION
Virtual Screening (VS). The virtual screening protocol employed is summarized in Figure 1 . and briefly described in the Materials and Methods section. An essential part in the procedure is to characterize the shape of the active site. For this we use our algorithm GAGA (see Materials and Methods) to obtain a negative image of the binding site (see Figure 2A ). It can be seen that it covers the active site pocket and protrudes toward the neighborhood of Tyr114. Overall, the shape of the negative image resembles the shape of the target nucleotide bound to MGMT. Upon charactering the binding site, a library of 2.3 million compounds was screened. Compounds were first filtered with DOCK 45 using the negative image of the binding site as computed with GAGA. We chose to employ a Zscore (see Materials and Methods) cutoff value of 5 in the filtering step. From the initial set of 2.3 million of molecules, 1664 passed the ZScore cut off ( Figure 2B) . These molecules were then further screened with the CDOCK program, our in-house docking program. The CDOCK energies, computed with the CGRID molecular mechanics energy function, were solvent corrected in order to obtain the final scoring (see Materials and Methods). From the highest scoring compounds, and upon visual examination, 17 compounds were finally selected, purchased, and tested experimentally. Four out of the 17 showed activity against MGMT, and were further analyzed by means of molecular dynamic simulations in explicit solvent (see Materials and Methods). For these four compounds, the commonly employed MMGBSA method to estimate free energy of binding from molecular dynamic trajectories was used. CDOCK binding energies for all the 17 compounds, MMGBSA binding energies for the four more active compounds, together with other chemical and physicochemical properties of the molecules, as stored in the ZINC database, 46 are shown in Table 1 . In addition, interaction energy analysis between ligand and the more relevant residues in the binding site were computed (with MMGBSA) and are contained in Table 2 .
MGMT in Vitro Assays. The 17 top-ranked compounds selected from the VS computations where purchased and 50 in vitro value (concentration of the compounds required to produce 50% reduction in the MGMT activity).
e IC 50 in vivo value (concentration of the compounds required to produce 50% cell killing in the presence of 80 µM sBCNU).
f ND not determined. Figure 3 . It was found that compounds 5 to 17 did not exhibit significant inhibitor activity in the concentration range used in this assay (Table 1) and therefore were discarded for the subsequent in vivo assays (see below). On the other hand, compounds 1, 2, 3, and 4 inactivated MGMT in the low to medium micromolar range ( Figure 3 and Table 1 ). We checked that MGMT activity was unaffected by any of the solvent (DMSO) volumes used to achieve the desired compound concentration. We did not detect changes, over all the tested compound concentration range, in the remaining radioactivity when an inactive C145S MGMT mutant was used as negative control (Figure 3) . The inhibition at 50 µM compound concentration was not attenuated by addition of 0.001% Triton X-100 or BSA 2 mg/mL (data not shown), confirming that the four compounds were not promiscuous inhibitors. 47, 48 The chemical structures of these compounds are shown in MGMT in Vivo Assays. On the basis of IC 50 values obtained for the inactivation of pure recombinant MGMT in the in vitro assay, compounds 1-4 were further analyzed and validated with in vivo assays. The colony forming assay 49, 50 was used in order to study the capability of compounds 1-4 to enhance BCNU cytotoxicity using HTB-38 cells. Cells were incubated with these compounds before, during and after BCNU treatment to ensure that inhibitors were present during the entire period of time needed for DNA adducts to be formed. As shown in Figure 5 , all four compounds enhance BCNU citotoxicity. BCNU alone reduced the number of colonies by 30%. The cell sensitivity to this chemotherapeutic agent was increased to the 50% when compounds 1, 3, and 4 were added at 10 µM. Only compound 2 needed to be added up to a concentration of 50 µM to get the same effect. Compound 2 presented little if any sensitizing effect ( Figure 5 ), despite its ability to inhibit MGMT activity in vitro. The ineffectiveness of compound 2 is probably related to a reduced cell penetration. Compound 1 is less effective sensitizing HTB 38 cell to BCNU than compounds 3 and 4. This is consistent both with their slightly larger in vitro affinity and with their larger log P values. Finally, colony forming experiments have also been carried out in the absence of BCNU, showing an average decrease of 15% using a compound concentration of 50 µM. These results confirm that cell killing is the final outcome of the joint action between BCNU and the studied compounds.
Description of the Docking Modes. The predicted interactions and docking modes of these 4 active compounds, as obtained after docking and molecular dynamics simulations, can be seen in Figure 6 . The predicted binding modes suggest that the bound conformation of the inhibitors strongly mimics the observed conformation of the excised, flippedout nucleotide bearing the damaged base in the complex with MGMT ( Figure 6 ). Thus, the quinolinone fragment of the inhibitors in family 1 ( Figure 6A ), as well as the alkylphenyl radical of the triazolopyrimidine core in family 2 ( Figure  6B ), are predicted to occupy the MGMT catalytic cleft, playing the role of analogs of the O 6 -guanine moiety in the natural substrate, burying deep within the binding groove and reaching the catalytic residue Cys145. In both cases, the remaining portion of the inhibitors is predicted to protrude outside the catalytic pocket and occupy the neighborhood of both the Arg135 and Tyr114. A summary of the most important interactions for each one of the four inhibitors, as computed with the MMGBSA method on the basis of the molecular dynamics simulations, can be found in Table 2 . Thus, the tetrazol moiety in family 1 and the triazol group in family 2 are predicted to occupy the site and act as an isosteric group of the 5′ phosphate binding site of the damaged base, adjacent to the active site pocket, and allowing the group to interact with Arg135. This is consistent with the fact that tetrazol groups are well-known isosters of anionic groups, such as carboxylic acids or phosphonates. Similarly, the benzyl-piperazinyl and benzyl-piperadinyl moieties of the inhibitors in family 1, and the benzyloxibenzyl radical in family 2, are predicted to stack against the aromatic ring of Tyr114. The ranking of the MMGBSA computed average interaction energies correlate well with the observed affinity differences (Table 1) , providing some support to the predicted docking modes. Finally, for each complex we computed the most important interactions between ligand and protein, as obtained from the MMGBSA analysis of the molecular dynamics simulations (Table 2) . For all inhibitors the most relevant interactions take place with Arg128 (the arginine finger) and Arg135, as well as Tyr114 and Tyr158. This is consistent with the importance of the residues surrounding the catalytic site as observed in site mutagenesis studies. CONCLUSION We have applied docking and virtual screening techniques to identify novel MGMT inhibitors. Out of 17 inhibitors selected from the ZINC database, four were found to be active. Thus, a success rate of about ∼20% for our screening procedure can be estimated. This success rate is consistent with results reported by other groups and highlights the increasingly important role of virtual screening techniques in the search for bioactive molecules. The new compounds belong to two new families of non-nucleosidic inhibitors which, with further optimization, could help to overcome some of the side effects of the existing MGMT inhibitors when combined with alkylating agents. Both families are active in vitro and in vivo in the low to medium micromolar range. The predicted binding modes suggest that the bound conformation of the inhibitors mimics the observed conformation of the flipped-out nucleotide in complex with MGMT. In summary, these novel compounds may form the basis for the development of a new generation of non-nucleosidic MGMT inhibitors with improved pharmacological properties as coadjuvants in cancer chemotherapy. from ChemDiv. All of them were dissolved in DMSO (Sigma) at a final concentration of 1 mM and kept at -20°C until used. Virtual Screening (VS). All VS calculations have been performed within the VSDB platform (to be published, see Figure 1 ). For clarity, we briefly describe here the main steps comprising the protocol.
Protein Preparation. Since no substantial difference appear in the active site among available MGMT structures, we selected the A chain of 1t39 18 (PDB ID code) as receptor. The AMBER8 ff99 force field 51 was then used to assign atom types and charges for each atom in the protein. Hydrogen atoms were added assuming standard protonation states of titratable groups.
Binding Site Definition and Characterization. The binding site was built around the cocrystallized ligand (E1X) adding a 5.0 Å cushion to the maximum dimensions of the ligand. An equally spaced grid of 0.5 Å was built. In each grid point, the interaction energy of typical atom types (C, N, O, S, P, F, Cl, Br, I, and H) and e -with all the atoms in the protein were calculated using a combination of 12-6 Lennard-Jones potential and a sigmoidal screening function for van der Waals and electrostatic interactions respectively, with CGRID program. 52 Employing our CDOCK docking program 52 (see below) we docked benzene, water, and methanol molecules generating intermolecular interaction energy maps. Benzene molecule was used here to locate favorable hydrophobic areas, water for hydrophilic sites, and methanol for hydrogen bonds; in a last step the generated energy maps were compressed using GAGA algorithm 42 in form of Gaussian functions trying to capture the most likely areas of interest for each kind of interaction (hydrophobic, hydrophilic, and hydrogen bond). The result of this calculation is the characterization of a sort of negative image of the interaction site. The putative active ligands in the library must conform to this approximate shape. Chemical Library Preparation. Ligands for VS were obtained from the publicly available ZINC database in SMILES format. 53 Multiple protonation states and tautomeric forms are considered as implemented by default in ZINC database. The database was then processed within VSDB as follows: 2D to 3D conversion was carried out with CO-RINA, 54 up to 6 stereochemical centers were considered, ring conformations generated, hydrogen atoms added, and salt ions removed. Charges were assigned to ligand atoms with MOPAC (MOPAC 55 ESP with MINDO method 56 and radii assignment (AMBER-type 51 )). Conformational analysis was carried out with ALFA. 57 ALFA allows the automatic assignment of atom types, detection of rotatable bonds, assignment of possible rotameric states, and generation of conformers. From ZINC we selected around 2.3 million fulfilling the Lipinsky rule of five with up to 7 rotatable bonds.
Filter 1. An initial filter was performed with the DOCK program 45 to discard those molecules that do not geometrically fit within the binding site. The spheres needed by DOCK were generated with our algorithm GAGA (see above). 3D molecules were scored with DOCK's contact scoring function. Finally, score values (score i ) are converted into Zscore using mean (score) and standard deviation (σ) values (Zscore i ) (score i -score)/σ ). Only molecules with a Zscore beyond the cutoff value of 5 were used to select initial hits. From the initial set of 2.3 million molecules, only 1664 passed the Zscore filter.
Filter 2. This last number is an affordable amount of molecules to be studied with a more accurate docking algorithm as CDOCK. CDOCK exhaustively docks each molecule within the binding site using the interaction energy grids calculated with CGRID (see above). The centers of mass of the molecules are positioned on grid points equally spaced 1 Å where discrete rotations of 27°arc on each axel are performed. The "docking energy" for each pose (van der Waals and electrostatic) was then calculated using a trilinear interpolation method. CDOCK program has been proved to be accurate in reproducing native-like conformation starting both from X-ray structure 52 or building the structures from scratch. 58 Rescoring. After docking with CDOCK, electrostatic interaction was corrected for desolvation of ligand and receptor by numerically solving Poisson equation using DelPhi. 59 Details of the calculations can be found elsewhere. 60 All molecules were finally ranked according to their corrected interaction energies, namely, van der Waals plus Coulombic term and desolvation values for receptor and ligand. Finally, the non electrostatic part of solvation was calculated assuming a linear relationship with the solvent accessible surface area. No correction was applied to account for conformational entropy.
Selection of Candidates. The best 17 molecules were selected upon analyzing the binding energy, the physicochemical properties of the molecule and visualizing the complexes with Pymol 61 purchased and tested experimentally. Molecular Dynamics Simulations. With the 4 active molecules we carried out a 1 ns molecular dynamics simulation. All simulations were performed at a constant pressure and temperature (1 atm and 300 K) with an integration time step of 2 fs. SHAKE 62 was used to constrain all the bonds involving H atoms at their equilibrium distances. Periodic boundary conditions and the Particle Mesh Ewald methods were used to treat long-range electrostatic effects. 63 AMBER-99 51 and TIP3P 64 force-fields were used in all cases. All the trajectories were performed using the AMBER 8 computer program and associated modules. 65 The four starting models corresponded to the CDOCK predicted complexes. The 4 complexes were hydrated by using boxes containing explicit water molecules, optimized, heated (20 ps), and equilibrated (100 ps). After equilibration, MD trajectories were continued for 1 ns.
Effective binding free energies were qualitatively estimated using the MM-GBSA approach. 66 MM-GBSA method approaches free energy of binding as a sum of a molecular mechanics (MM) interaction term, a solvation contribution thorough a generalized Born (GB) model, and a surface area (SA) contribution to account for the non polar part of desolvation. These calculations were performed for each snapshot from the simulations using the appropriate module within AMBER 8 and averaged out.
Inhibition of MGMT Activity. Protein Production and Purification. In vitro assays were carried out using recombinant MGMT cloned in the pet-21a(+) (Novagen) Figure 6 . Average minimized structure of the compound-MGMT complexes after the molecular dynamics simulations. The structure of the flipped out nucleotide is also shown to highlight the structural similarity between the predicted complexes and the experimental structure. The color code is as follows: the protein is represented as cartoons in cyan; the flipped out nucleotide and part of the DNA backbone is colored in orange; side chains of main interacting residues are colored by atom type: C in green, N in blue, O in red, and S in yellow. The C atoms of compounds 1-4 are in gray, and hydrogen atoms are omitted for clarity. A and B correspond to families 1 and 2, respectively, as defined in the Results and Discussion section.
vector. The protein was expressed in the E. coli strain Rosetta and once the culture reached an OD 600 value of 0.8 it was induced by adding 1 mM IPTG during 4 h at 30°C. The pellet from a 3 L culture was disrupted by sonication and centrifuged. The supernatant was filtered, loaded into a HiTrap FF column (GE Healthcare) and eluted with an Imidazole (Fluka) gradient. Finally the protein was loaded into a Superdex 75 16/60 column (GE Healthcare) being the buffer 150 mM NaCl, 10 mM DTT (Sigma) and 0,1 mM EDTA. The protein was concentrated in this buffer and kept at -20°C in presence of 40% glycerol. The same protocol has been used for the purification of the inactive mutant MGMT-C145S, cloned in the pet-28a(+) vector (Novagen) and expressed in the E. coli strain BL21. Substrate Preparation. The 3 H-methylation of DNA has been described by Bodgen et al. 67 Briefly, calf thymus DNA (Sigma) was dissolved in 10 mM Sodium Cacodylate pH 7 buffer at 1 mg/mL stock solution. A 7 µL portion of MNU was added to 1 mL of the DNA stock solution and was then incubated at 37°C during 2 h. The DNA was precipitated by adding sodium acetate, to a final concentration of 25 mM, and two volumes of cold ethanol 96%. After centrifugation, the DNA pellet was washed twice with cold ethanol, dried, and redissolved overnight at 4°C in 0.15 N sodium chloride-0.015 N sodium citrate, pH 7.0. The DNA was reprecipitated, washed and dried as described above, redissolved in the reaction buffer (50 mM Tris pH 7, 8; 1 mM DTT; 5 mM EDTA) and stored at -20°C until use.
AGT ActiVity Assay. The in vitro alkyltransferase activity assay has been previously described. 11, 68 Purified protein was incubated with a defined concentration of compound in the reaction buffer at 37°C. After 30 min [ 3 H]-methylated DNA was added, and the incubation was continued for an additional 90 min. The final volume was 200 µL, being the DNA concentration 100 times higher than the protein. The reaction was stopped by the addition of 400 µl of 13% trichloroacetic acid (TCA). DNA was then hydrolyzed by heating the sample at 95°C for 30 min. The precipitated protein was washed twice with TCA 4% and redissolved in 0.2 M Tris pH 8. The activity corresponding to the [ 3 H]Methyl group transferred to the protein was analyzed by liquid scintillation counting using the Optiphase HiSafe 3 cocktail (Perkin-Elmer) and a Wallac 1414 liquid scintillation analyzer (GMI Inc.). Each compound concentration was assayed in quadruplicate and experiments repeated two times. Percent inhibition was calculated relative to untreated control samples. The IC 50 values were determined graphically from plots of percent inhibition vs inhibitor concentration.
Cell Culture Cytotoxic Assay. The effect of compounds 1-4 on the sensitivity of HTB-38 cells to BCNU was determined using colony forming assays as has been described previously in MGMT inhibition studies. 49, 50 HTB-38 cells were seeded at 15 × 10 3 cells per well density in 6-well, flat-bottomed plates (Falcon) and incubated in a humidified, 5% CO 2 incubator at 37°C for 48 h. Compound solutions were diluted in the culture medium at final concentrations of 100, 50, 10 and 5 µM, and were immediately used to treat the cells. Cells were incubated with these compounds solutions for 6 h and then BCNU (or the equivalent volume of the vehicle) was added to a final concentration of 80 µM. After 2 h incubation the medium was replaced with fresh medium containing same compound concentration, and cells were left to grow for an additional 16 h. The cells were then replated at densities of 2000 cells per well in 6-well plates and grown for 12 days until discrete colonies were formed. Colonies were washed twice with PBS and stained with a 0.5% crystal violet-20% ethanol solution. Cells were rinsed with deionized water and air-dried. Finally crystal violet was solubilized with 10% acetic acid solution and the absorbance was measured in a Benchmark Microplate Reader (Bio-Rad). Samples were assayed in duplicate and experiments repeated three times. The percent of remaining cells was calculated relative to untreated control samples.
